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1.0 EXECUTIVE SUMMARY

We have demongtrated the gpplication of an enhancedinstuanaerobic bioremediationtechnology to clean
up ground water contaminated with fuel hydrocarbons, particularly benzene, toluene, ethylbenzene, and
xylenes(BTEX). Thetechnology isbased onintroduction of € ectron acceptors such assulfate and nitrate,
coupled with remova of toxic or inhibitory compounds such as sulfide, in order to simulate anaerobic
ground water bacteria. The bacteria use the fuel hydrocarbons as a source of carbon and energy,
minerdizing BTEX and other hydrocarbons to harmless carbon dioxide in the process. Thedetallsof this
demongtration have been provided in the project Final Report, and are summarized in this document.

A key issue in the implementation of this technology is the ability to effectively introduce the electron
acceptors into the contaminated aquifer region while smultaneoudy removing toxic or inhibitory
compounds. To accomplish this, we ingtdled three injection wells and one extraction well into the
contaminated region of the demonstration aquifer. Extracted water was treated to remove toxic and
inhibitory compounds, as well as target compounds that were not degraded in Stu, then augmented with
electron acceptorsat the appropriate concentrations, then re-injected viathe injection wells. Thisdesign
alowed the development of three treatment zones (one zone between the extraction well and each of the
three injection wels). This methodology is particularly effective at contaminated Stes where the target
contaminants are sorbed to the aquifer solids and/or are present as small globules of non-aqueous-phase
liquids (NAPLS), because the trestment zones are crested in the same portionof the aquifer as where the
contamination islocated. However, wenotethat the technology will be effective at NAPL-contaminated
gtesonly if the trapped NAPL can be remediated, i.e., if the amount of resdua NAPL issmdl, and if the
presence of any perched aguifers does not affect the results.

We demondtrated this technology at the Naval Wegpons Station (NWS), Seal Beach, in southern
Cdifornia. A portion of the shalow ground water & NWS Sedl Beach was contaminated with fuel
hydrocarbons that had |eaked from an underground storage tank. Previous investigations had shown that
the shallow ground water in the nearby Sedl Beach Nationa Wildlife Refuge was being contaminated as
aresault of thelesk. The hydraulic gradient at this Steis very low, such that naturd ground water flow is
very dow to remove inhibitory by-products or to introduce electron acceptorsto the ste. As a result, it
was unclear if intringc bioremediation would be able to prevent contaminationof the wildife refuge. Thus,
this Ste was an idedl location a which to demongtrate the enhanced bioremediation technology.

Wefound that this treetment technology was effective at removing al BTEX compounds fromthe ground
water. Specificaly:

. Toluene appeared to be preferentidly degraded, and was rgpidly degraded even without
augmentation of the eectron acceptors. A few feet below the water table, toluene concentration
wastypicadly below 10 - g/L.

. Biodegradation of ethylbenzene appeared to be simulated by the introduction of nitrate. In the
zone where nitrate wasintroduced, ethylbenzene concentrationwasreduced from250 - g/L toless
than 10 - g/L.



. Biodegradation of ortho-xylene appeared to be stimulated by the introduction of sulfate. 1n one
of the zones where sulfate was introduced, the o-xylene concentrationwas quickly reduced from
over 400 - g/L tolessthan 10 Zg/L.

. Biodegradationof meta- and para-xylene appeared to be stimulated by the introductionof nitrate.
In the zone where nitrate was introduced, the combined m-+p-xylene concentration was reduced
from 500 - g/L tolessthan 20 - g/L.

. Benzene was effectively removed from the ground water, but it appears that most of the remova
was due to flushing by the extraction well, with asmdl contribution from biodegradation. Inthe
zone that wasaugmented with nitrate and sulfate, benzene concentrationwas reduced from3 mg/L
to about 50 : g/L, but remova wasdow. Inthezonethat received neither nitrate nor sulfate (i.e.,
methanogenic conditions), benzene concentration was reduced from 4 mg/L to about 0.4 mg/L,
and also wasdow. Benzene concentrations often rebounded when pumps were temporarily shut
off.

Based onthe results from the demondration, we have estimated the cost of using this technology to clean
up a representative site where approximately 3,000 m?® of ground water and aguifer solids have been
contaminated with about 250 gdlons (820 kg) of fud hydrocarbons. The endpoint for the remediation is
assumed to be that concentrations of dl BTEX compounds are reduced to below their drinking water
maximum contaminant levels (MCLs). Weassumethat the fuel hydrocarbons are present below the water
table in three forms: as globules of non-agqueous-phase liquid (NAPL ), dissolved inthe ground water, and
sorbed to aquifer solids. Under the assumed conditions, the estimated present val ue of theremediation cost
is$1.09 millionfor afive-year clean-up. Theestimated capital cost is$470,000 and the estimated present
vaue of the operating and maintenance (O& M) costs is $615,000. The largest capitd cost is site
characterization, and the largest O&M cogt is sampling and andyss. For remediation of the same dtevia
pump-and-treat, the estimated present vaue of the remediation cost is $1.54 millionfor a fifteen-year
clean-up, with $397,000 for capital costs and a present value of the O& M costs equal to $1,143,000.

Thistechnology is rddively easy to indal and to operate. As compared to conventional pump-and-treat
remediation, the enhanced in Stubioremediationtechnol ogy is expected to offer shorter clean-up timesand
lower overdl costs. Also, itislikdy to be effectivein some Stuationswhereintringc bioremediationisnot,
eg., Steswhere the natura ground water flow isvery dow, such as NWS Sed Beach.



2.0 TECHNOLOGY DESCRIPTION
21 TECHNOLOGY BACKGROUND

In Situ bioremediation is now being investigated, evauated, and, in some cases, applied as a remediation
technology at contaminated ground water Sites. The principle of in Stu bioremediation is that certain
bacteria, found naturaly in ground water aquifers, can metabolize particular contaminants, reducing the
contaminant concentrations to a safe levd. When natura ly-occurring metabolic processes are used to
remediate a contaminated Ste without any additiona ateration of Ste conditions, the process is referred
to as intrindc in Stu bioremediation. When conditions at the sSite are engineered or dtered in order to
dimulate or accelerate the biological destruction of contaminants, the process is referred to as enhanced
in Stu bioremediaion.

Inthe case of fud hydrocarbons, it is now well known that many microorganisms indigenous to soil can
oxidize (minerdize) the contaminantsto harmless carbon dioxide and water. Thisprocesscan occur rapidly
under aerobic conditions, i.e., in the presence of oxygen. Under anaerobic conditions (in the absence of
oxygen), the process can till occur, but is not as well understood. Nitrate, sulfate, ferric iron, or carbon
dioxide can replace oxygen as the termina eectron acceptor (oxidant). Intrinsc bioremediation is
inexpendve, but it can be dow, it is often unpredictable, and it may be inadequate for many sSites,
particularly under anaerobic conditions. Thus, engineered intervention (enhancement) might be necessary
in order for the oxidation to proceed at acceptable rates. Enhanced bioremediation might consist of
augmenting the contaminated zone with el ectron acceptor(s), removing compounds that inhibit the oxidation
reaction, or both.

The potentia benefits from this technology are large. The principa advantage of bioremediation over
conventional pump-and-treat remediation is that most of the contamination is destroyed in Situ, and little
or no secondary waste is produced. In Stu bioremediation might be susceptible to some of the same
impedimentsthat limit the efficiency of the pump-and-treat method; for example, dow contaminant leeching
of adsorbed contaminants from aguifers solidscanpresent acontinuingsource of contamination. However,
maintaining the presence of eectron acceptors in the contaminated aquifer via periodic injections should
be far less expensive than continuous ground water extraction. Therefore, for Steswhereit can be shown
that enhanced in Stu bioremediation istechnicdly feasble, it should be less expendve to implement than
a pump-and-treat system.

22 THEORY OF OPERATION AND LIMITATIONS

Microorganiams are able to use BTEX contaminants as substrates for energy and growth, and electron
acceptors such as oxygen, nitrate, and sulfate to convert the contaminants into harmless products
(principaly carbon dioxide and water), cell mass, and inorganic sdts. In dmost dl cases, oxygen is
consumed preferentidly over dternate el ectronacceptors like sulfate or nitrate; after oxygenis consumed,
anaerobic microorganiams use a series of dternate electron acceptors.  Nitrate and sulfate offer the
advantage that they can be injected into an aquifer at muchhigher concentrations than oxygen. Whenwater
and ar are in eguilibrium a 20 /C, oxygen has a solubility of about 9 mg/L in water, which,
goichiometricdly, can oxidize about 2.9 mg/L toluene. By contrast, a practicd limit for nitrate or sulfate
introduction is around 80 mg/L. Eighty mg/L of ether nitrate or sulfate can oxidize about 16-17 mg/L
toluene. The practicd limit for nitrate introduction isbased on thefactsthat nitrateis aregulated compound
and that excessve nitrate introduction can result in the formation of nitrogen gas, the practica limit for

3



aulfateintroductionis based onthe fact that sulfate reduction can result in the accumul ation of sulfide, which
isinhibitory to many biodegradation processes.

Aromatic hydrocarbons induding benzene and toluene have aso been observed to degrade under
fermentative-methanogenic conditions [Wilson et d., 1986; Grbic-Gaic and Vogd, 1987]. However,
BTEX fermentation is poorly understood. Under fermentative conditions, no externa electron acceptor
isrequired because microorganisms use the substrate (i.e., one or more of the BTEX compounds) as both
an electron donor and an electron acceptor. The products of fermentation can indude carbon dioxide,
organic acids (e.g., acetic acid, propionic acid), dcohals (e.g., ethanal), and/or hydrogen gas [Nationa
Research Council, 1993]. Fermentation products are biodegraded by other species of bacteria, ultimately
resulting in the production of carbon dioxide, methane, and water. Methanogenesis is inhibited by the
presence of other electron acceptors or oxidants (e.g., oxygen, nitrate, or sulfate) and so only occursin
very reduced environments.

Because it is difficult to maintain aerobic conditions in a contaminated aquifer, the principle behind this
technology istoinject dternate el ectron acceptors to simulate anaerobic in Stubiodegradation of thetarget
compounds. Limitations to this technology include the following:

1. Anagrobic bioremediation is dill not thoroughly understood, especidly under fidd conditions,
meaking clean-up times difficult to predict.

2. Because there is little operationa experience with anaerobic bioremediation, the process is not
aways considered acceptable by regulators.

3. Benzene, the mogt toxic of the BTEX compounds, has not been conclusvely shown to degrade
under dl anaerobic conditions that exist in the field.

23 TECHNOLOGY SPECIFICATIONS

Figure 1 shows a schematic of the injection/extraction well system used to implement the enhanced insitu
anaerobic bioremediationtechnology. Samplesaretaken a monitoring wellslocated between theinjection
and the extraction wellsin order to measure the concentrations of the el ectron acceptors and of the target
contaminants. The extraction well is used to remove water that contains the target contaminants (in this
case, BTEX) and/or compoundsthat inhibit the bioremediationprocess (e.g., sulfide). The extracted water
is treated to remove the appropriate compounds, then augmented with electron acceptors in order to
dimulatein Stubiodegradation of the target contaminants, then re-injected into the contaminated region of
the aquifer.

The system can be operated in three modes:

1. I njection/extractionwithno augmentationof e ectronacceptors, i.e., flushing of the treatment zones
with unaugmented treated water.
2. I njection/extraction with augmentation of e ectron acceptorsin the injection wells.

3. No flow, i.e., both injection and extraction wells are off.
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Figure 1. Injection/Extraction Well System Used to Implement the Enhanced
In Situ Anaerobic Bioremediation Technology.

A treatment cyde generdly congds of operating in these three modes sequentidly.  The flushing Sage
dlowsremova of inhibitoryor toxic by-products, the augmentation stage dlowsintroductionof the electron
acceptors into the treatment zones, and the no-flow stage provides the microorganismstime to utilize the
electron acceptors and to degrade the target contaminants.

In gpplying this technology, the items that must be specified include:

. Number and location of injection and extraction wells.
. Injection and extraction rates.
. Method for above-ground water treatment (to remove inhibitory products and/or target

contaminants that are not degraded in Situ).
. Selection of eectron acceptorsto be injected.
. Concentration of e ectron acceptors at injection well.

. Durtion of flushing, augmentation, and no-flow stages of trestment cycle.



24  KEY DESGN CRITERIA

The expected time frame for complete remediation via the enhanced in Situ anaerobic bioremediation can
be estimated based on the amount of contamination initidly present, the injection/extraction rate, the
concentrations of electron acceptors in the injection wells, and the gpproximate stoichiometry of the
biodegradation reactions. The actud time required could be longer than estimated if any of the following
conditions gpply:

1 The rate of biodegradation is limited by contaminant mass transfer from globules of
non-agqueous-phase liquid (NAPL) or by contaminant desorption from solid aquifer materids.

2. The rate of biodegradation is limited by contaminant masstransfer out of low-conductivity regions
that are inaccessible to the injected e ectron acceptors.

3. One or more of the target compounds are resistant to biodegradation under the biogeochemical
conditions established.

The actud time required might al so be shorter than estimated, particularly if fermentation-methanogenes's
is found to be a sgnificant remova mechanisminregions whereinjected e ectronacceptor concentrations
reman low.

The enhanced in situ anaerobic bioremediation technology produces a very low volume of secondary
waste, because the mgjority of contaminant attenuation is performed in 9tu. However, the above-ground
trestment system might produce some waste that requires proper disposal. For instance, if activated
carbon is used in the trestment system, the spent carbon must be disposed of and replaced at regular
intervals.

After congruction, the technology is expected to require very little labor. Theinjection wells, extraction
wells, above-ground trestment systemn, and chemicd injectionsystemrequireroutine maintenance. Electron
acceptors must be regularly purchased and supplied to the chemica injectionsystem. A regular monitoring
program, including sample collection and andys's, must be implemented.

25 MOBILIZATION, CONSTRUCTION, AND OPERATION REQUIREMENTS

This technology is not expected to demand any unusua mohbilization, construction, or operation
requirements.  Once the technology specifications and design criteria (discussed above) have been
addressed, and the necessary permits have been obtained, qudified contractors canbe hired to ingdl the
wells (including monitoring wells), the above-ground trestment system, and the chemica ddivery system.
One to two months would be expected for mohilization, induding the time for readying the equipment and
transporting it to the site. An additiond 2-4 weeks would be expected for congtruction. The equipment
required for this technology is rdatively standard and should not require specia construction.

Operation of the technology would require regular purchase of the e ectronacceptors (nitrate, sulfate, and
some form of oxygen, such as peroxide) and regular maintenance of the above-ground trestment system.
If the above-ground trestment system uses activated carbon, then thisincudes regular replacement of the
spent carbon. Operation of the technology a so requiresregular sampling to test for the concentrations of
the eectron acceptors and the target contaminants. A laboratory would be hired to perform the sample
andyss.



3.0 DEMONSTRATION DESIGN
3.1 DEMONSTRATION SITE: BACKGROUND

The gte for the demonstration was a contaminated portion of an aquifer at the Naval Wegpons Station
(NWS), Seal Beach, insouthernCdifornia (Figures2 and 3). A gasoline station located on the premises
of thewegpons stationis contaminated with fuel hydrocarbons that |eaked fromastedl underground storage
tank, as described in the report "Ddlineation of a hydrocarbon (weathered gasoline) plume in shalow
depositsattheU.S. Naval Wegpons Station, Seal Beach, Cdifornid’ [ Schroeder, 1991]. The gasoline leak
was discovered in 1984. The NWS Seal Beach is located on the transition of geologic formations called
Landing Hill and the Sunset Gagp. The physiographic and hydrogeologic setting are described in detail by
Schroeder [1991]. The wesgpons stationa so contains the Seal Beach Nationa Wildlife Refuge, awetlands
marsh located in the Sunset Gap formation. Investigation by the U.S. Geologica Survey [Schroeder,
1991] found that the contaminationfromthe lesking tank had migrated to the ground water underlying the
Refuge. TheNavy'sconcern about the possible adverse effects of the contamination on the Wildlife Refuge
made the Sed Beach facility a potentia Site at which to demondirate this remediation technology.

Los Angelese
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Figure 2. Location of the Naval Weapons Station
(NWS) and the National Wildlife Refuge, Seal Beach,
CA.
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Figure 3. Location of the Demonstration Area, Seal Beach, CA.

The following conditions made the NWS Sedl Beach site especidly well-suited for this demondtration:

1 The ground water in the contaminated zone had been anaerobic for at least a decade. Both
laboratory and field studies had demonstrated the presence of anaerobic bacteria that are capable
of degrading fuel hydrocarbons.

2. The aquifer is shdlow and the cost of placing wellsisreatively low.

3. At some dtes where the ground water is contaminated with fuel hydrocarbons, the prevailing
ground water flow may supply sufficient doses of eectron acceptors and remove inhibitory
products at ratesthat render engineered amulation unnecessary. At the Seal Beach site, however,
the regiona ground water velocity isvery smdl. Previousstudiesat thesite[Reinhard et ., 1997]
indicate that the supply of electronacceptorsand/or theremova of inhibitorsare limiting, suggesting
the need for enhancement of intrinsic bioremediation processes.



4, The aquifer solidsare sufficiently permegble to alow pumping of at least afew gdlons per minute,
i.e., trangmissvityishigher than 2 ft%/day. Theinterbedding of clay lenseswithin silty sand (possibly
sandy sit) aretypicd for dluvid deposits dong the Cdifornia Coadt.

5. The regulatory agency, the Cdifornia Regiond Water Quality Control Board (CRWQCB), has
been supporting research at this site for many years, including controlled release experiments.

6. L aboratory and fidd data fromprevious studies[Haaget d., 1991; Edwardset d., 1992; Edwards
and Grbic-Gdlic, 1992; Bdl and Reinhard, 1996; Reinhard et a., 1997] had suggested the
probability of success of such ademonstration at the Sed Beach Site.

Table 1 summarizes some of the characteristics of the Site.

Tablel. Standard Terminology for the Demonstration Site.

Site Background:
Historical Activity that Generated Contamination:
Leaking underground storage tank
Management Practicesthat Contributed to Contamination:
Underground storage tank (fuel)

Site Characteristics:
Media Treated:
Ground water
Sail (in situ)
Light non-aqueous-phase liquids (LNAPL)
Contaminants Treated:
Organic Compounds, Volatile, Non-halogenated: BTEX
Organic Compounds, Petroleum Hydrocarbons

3.2 DEMONSTRATION SITE: CHARACTERISTICS

The hydrogeology of the NWS Seal Beach has been described in detail by Schroeder [1991]. About
5800 gdlons of fud leaked froman underground storage tank and contaminated the soil and ground water
inthe region, as shown in Figure 4. The leak was discovered in 1984 when the stedl storage tank was
being replaced by a pair of fiberglasstanks. Between 1984 and 1996, observationwels monitored by the
Orange County Water Didrict indicated that the contaminant plume in the ground water was dowly
retracting, and by the beginning of this demonstration, the plume was concentrated around the source area.
The ground water velocity inthe regionislow, gpproximately 0.7 cm/day. The ground water flow rate and
direction might fluctuate somewhat with the season and with the tides.

The area contaminated by the fuel leak was ontheorder of 20 acres, but this demongtrationwas conducted
in ardatively smdl portion of the impacted area (see Figure 4).

Table 2 shows the Site characterigtics that affect the trestment cost and performance.



Table2. Matrix Characteristics Affecting Treatment Cost and Performance.

Parameter Value M easur ement
Procedure
Soil Types (Sail Varies spatialy; here we give the extraction well asan Visual inspection by well
Classification and example. logger, reviewed by
Clay Content) 0-2 feet below ground surface (BGS): silty, fineto registered geologist

coarse sand

2-4ft BGS: silty clay

4-5ft BGS: silty, medium to coarse sand
5-8ft BGS: coarse sand, some gravel
8-10ft BGS: silt

10-12 ft BGS: silty find sand

12-14 ft BGS: fineto medium sand
14-145ft BGS: silty clay

14.5-15 ft BGS: medium sand

Hydraulic
Conductivity 0.0005-0.002 cm/sec Pump tests on 6 wells
pH 6.9-8.2 (usually 7.1-7.8) pH units pH probe

Total Organic Carbon

0.015%-0.028%, bulk value 0.024%

Non-agqueous phase
liquids (NAPL)

Yes, light (less dense than water)

Found in monitoring wells

10




. P
E Bldy 226
= ‘ p
: Ry /4
= ["ower J /
E Pple~HN ; /

/

Indusirial Road

Bldg 229

area in which shallow
subsurface was

contaminated with
fuel hydrocarbons

Z —p

3(|)0 ft

I
73 m

------------ Boundary of Seal Beach
Natlonal Wildlife Refuge

Figure 4. Contaminated Region of the Shallow Ground Water Aquifer at
NWS Seal Beach. Schroeder [1991].

11



33 PHYSCAL SETUP AND OPERATION

The trestment system consisted of one extraction well and three injection wells, with relative locations as
indicated in Figure 5. Each injection well was fully screened across the saturated zone of the aguifer and
was located 10 m away from the extraction well. The extraction well was adso fully screened across the
saturated zone. The rate of injection in each well was about 1.5 L/min; the rate of extraction was about
4.5 L/min. Different electron acceptorswere added a each injection well, creating three different trestment
zones with different geochemica sequences. These three zones are labeled Zones 2, 3, and 4, according
to the number of the injectionwell pertainingto each zone (see Figure5). Zone 3 received no augmentation
of electron acceptors, and was therefore expected to develop methanogenic conditions; Zone 2 was
augmented with sulfate, and was expected to develop firg sulfate-reducing and then methanogenic
conditions, Zone 4 was augmented withnitrate and sulfate, and was expected to develop first denitrifying,
then sulfate-reducing, then methanogenic conditions. The three zones were established in this manner
specificaly because one of the objectives of this project was to evaluate the efficacy of anaerobic
bi odegradati onunder different geochemica conditions. A full-scaeimplementation of thistechnology might
employ a different number of injection/extraction wells, and might inject different leves of eectron
acceptors in order to optimize the bioremediation.

Assumed:lirer:tion\
L of groundwaler flo i
0405 under nalural gradient

O 2B5 o484 \

2820 (® Extraction Well
2840 © Injection Well
O Moniltoring Well

Figure 5. View of the Contaminated Site
and the Location of Injection, Extraction,
and Monitoring Wells.

A trestment eval uation conssted of three stages. Firdt, the three treatment zoneswere flushed withwater
that had been treated to remove hydrocarbons, gases, and anions, but had not been augmented with
electron acceptors. This served to remove inhibitory products, to remove background concentrations of
the electronacceptors, and to reduce the initiadl BTEX concentration in eachzone. Theflushing Sagewas
implemented mainly to establish base-line conditions in the treatment zones for evauation purposes; a a
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full-scde implementation of this technology, the flushing stage might be omitted depending on whether or
not inhibitory by-products are present. The second stage of a treatment evaluation consisted of injecting
the zones with treated water that had a so been augmented withthe appropriate el ectronacceptor(s). The
augmentation stage lasted for about 4-5 weeks, which was suffident time to develop treatment zones of
about 180 m?® in Sze. The third stage was a no-flow stage, in which both injection and extraction wells
were shut off. During this time, the treatment zones were monitored to determine how the BTEX
concentrations in each zone responded to the established geochemical conditions.

Thistechnology demongtration lasted about 17 months and consisted of three treatment evaluations. The
firgt augmentation period ranfrom9/14/97-10/16/97; the second augmentationranfrom5/24/98-6/23/98;
the third augmentation period ran from 9/2/98-10/14/98. The third augmentationwas not preceded with
aflushing stage. Each augmentation conssted of different concentrations of €ectron acceptors being
injected, as summarized in Table 3. The concentrations of the injected €l ectron acceptors were increased
from one augmentation to the next in order to dowly build up the proper microbial population. A
consarvative tracer was injected during the flushing period of the firgt trestment evaluation in order to
edtablish that the monitoring wells were hydraulically connected to the injection wells.

Table3. Injected Electron Acceptor Concentrations During Treatment Evaluations.

Evaluation # Zone 2 Zone 3 Zone4
1 15-20 mg/L sulfate no electron acceptors added 15 mg/L nitrate,
15 mg/L sulfate
2 70-90 mg/L sulfate no electron acceptors added 45-55 mg/L nitrate,
70-80 mg/L sulfate
3 40-50 mg/L nitrate, no electron acceptors added 85-125 mg/L nitrate,
then 75-95 mg/L sulfate 70-100 mg/L sulfate

Figure 1 shows a schematic for the ground water recirculation system used in this demonstration. We
utilized trestment and augmentation systems that were unusud in the following respects.

1. Thetreatment systemwas designed to remove not only target contaminantsand inhibitory products,
but al so excesse ectronacceptors (oxygen, nitrate, and sulfate). Thiswasdonein order to provide
careful control over the compositionof the re-injected water so that we could investigete the effects
of particular geochemica conditions on the bioremediation process. Under typica operating
conditions at a full-scale remediation Ste, excess dectronacceptorswould not be removed prior
to augmentation and re-injection.

2. The augmentation system did not aways provide the optimum mixture of electron acceptors for
bioremediation. For ingtance, no oxygen was added during this demondration. This was done
because one of the god's of the project wasto compare bioremediationunder three different types
of anaerobic conditions (denitrifying, sulfate-reducing, and methanogenic). Under typical operating
conditions at a full-scde remediaion Ste, some form of oxygen (eg., peroxide) would be
introduced aong with nitrate and sulfate.
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34 MONITORING PROCEDURES

Sampling was performed automaticaly via an Automated Sampling and Anaysis Platform (ASAP) from
Andytic and Remedid Technology (Milpitas, CA). The automated on-line sampling manifold consisted
of 111 sample ports, of which 105 ports were connected directly to the multi-level sample bundlesof the
monitoringwells. Connectionswere 0.1875-inch dainlesssted samplelines. Theremaining Sx portswere
connected to the trestment system and to the three injection wdls. After flushing the sample lines, the
ASAP extractsa sample and prepares separatediquotsfor andyss of volaile organic compounds, anions,
pH, and dissolved oxygen. The ASAP provided samples directly to the instrumentationwithout operator
intervention and was operated continuoudy from August 1997 until November 1998. Results from the
ASAP andyses were automdicaly logged in acomputer database. Sample waste water was recycled
back to theinlet of the water treatment system..

Each of the three trestment zones had five monitoring wells, as shown in Figure 5. Each monitoring well
consisted of seven 0.1875-inchsainless sted tubes with the inlets spaced verticaly 14 inches gpart, thus
providing seven discrete sample locations covering the length of the injection wdl screens at each
monitoring well location. 1n each monitoring well, the top tube was placed very closeto the water table;
the bottom tube was located about 7 feet bel ow the water table, with the middle five tubes spaced evenly
inbetween. Theinlet of each sample tube was enclosed in glasswodl filter protected by nylon "horse hair”
fabric, adouble weave knit. The monitoring wells were ingdled by placing the sample bundlesin 2-inch
boreholes and backfilling with sand; this minimizes the required flush volumes required to obtain
representative samples.

For each zone, one multilevel sample well was located gpproximately 7 mupgradient of the injectionwel,
and two multilevel sample wells were located 2 and 4 m in the direction of the extraction well. In Zones
2 and 3, additionad monitoring welswere placed 2 and 4 mdowngradient fromthe injectionwel. InZone
4, where the injection wel was directly upgradient of the extraction well, monitoring wells were placed 2,
4, 6, and 8 m from the injection well.

35 ANALYTICAL PROCEDURES

Connections between the monitoring wells and the ASAP were stainless stedl tubing. After flushing the
sample lines, the ASAP extracted a sample and prepared separate aliquots for anaysis of :

1. concentrations of voldile organic compounds (including BTEX) via a modified purge-and-trap
method with gas chromatography (GC), photo-ionization detection (PID), and flame ionization
detection (FID);

2. concentrations of anions (including bromide, sulfate, and nitrate) viaion chromatography; and

3. pH, dissolved oxygen, and concentration of sulfide via specific probes.

Although the modified purge-and-trap system is not of the design used in standard methods, it has been

demonstrated successful by the U.S. Environmentd Protection Agency [U.S. EPA, 1993]. The gas
chromatograph was not able to resolve meta and para-xylene, so the concentrations of these two
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compoundswere measured asasum. Photo-ionization detectionwas used for the measurement of BTEX
concentrations; flame ionizationdetectionwas used for the measurement of the concentrations of diphétic
hydrocarbons. Results from the ASAP anayses were automaticaly logged in a computer database. All
samples were stamped with date and time, and had unique names for sample locations.

Table4. Compounds Analyzed by Automatic Sampling and Analysis Platform.

Compound Gas Chromatography lon Chromatography Specific Probe

Methane X

3-methyl-pentane X

Hexane X

Benzene X

Toluene X

Ethylbenzene X

Xylenes X

Trimethyl-benzenes X

Chloride X

Bromide X

Nitrate X

Sulfate X

Dissolved Oxygen X
pH X
Sulfide X

36 PERFORMANCE OBJECTIVES

The principd objective of this project was to demonstrate the technica viability of enhanced intrinsic
anaerobic bioremediation of fud-contaminated ground water. In particular, our goa was to stimulate
biodegradation of BTEX compoundsinground water by the addition of the €l ectron acceptors nitrate and
sulfate. The primary performance metric for the demondration is the historica change in BTEX
concentrations in the ground water at the Site. The secondary performance metric for the demonstration
isthe historical change in the concentrations of the injected nitrate and sulfate. 1n addition to the observed
change in BTEX concentrations, the destruction of fuel hydrocarbon compounds can be assessed from
gtoichiometric consderations by quantifying the biological utilization of the sulfate and nitrate injected.
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Over recent years, in Situ bioremediation has become accepted by regulatory agenciesfor the remediation
of fuel-contaminated Sites[U.S. EPA, 1997]. In generd, there are two performance criteriathat must be
met for regulatory acceptance of this technology:

1. The ability of the technology to reduce the BTEX concentrations in ground water to below their
drinking water maximum contaminant levds (MCLs): 0.005 mg/L for benzene, 1 mg/L for toluene,
0.7 mg/L for ethylbenzene, and 10 mg/L for (tota) xylenes.

2. Sufficent utilizationof injected nitrate suchthat the nitrate concentration doesnot exceed regulatory
standards.

There are no specific performance criteria that will determine whether or not this technology will be

accepted by the Department of Defense (DoD). The acceptance of the technology by DoD is mainly an
economic question and will depend on Site-gpecific conditions.
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40 PERFORMANCE ASSESSMENT

Asdiscussed in Section 3.6., above, the evaluation of the technology's performanceis based primarily on
the historical change in contaminant (BTEX) concentrations, and secondarily on the hitorical change in
electron acceptor concentrations. These concentrations were measured through monitoring wells. Each
monitoring well had seven sampling points, spaced verticaly about 14 inches gpart. Each sampling point
had a unique name that is given in three parts: the first part indicatesinwhichtrestment zone the monitoring
well islocated; the second part indicates the number of the wel bundle withinthe zone (see Figure 5); and
the third part indicates the vertica location of the sampling point, where 1 indicates the uppermost sampler
and 7 indicates the lowest sampler. For example, adesignation "2-B1-4" means Zone 2, well bundle 1,
the fourthsampler fromthe top. The injection wells are designated 12, 13, and 14, asindicated inFigure5.

In the subsections below, we present the demondtration results graphically. On some of the figures,
different periodsintime are labeled withthe lettersF, A, or N. Theseletters correspond to thethree stages
of atrestment evdudion: "F' indicatesthe fird (flushing) stage, inwhichthe trestment zone wasflushed with
treated but unaugmentedwater; "A" indicatesthe second (augmentation) stage, inwhichthe treetment zone
was augmented withelectronacceptors; and "N" indicatesthe third (no-flow) stage, in which the injection
and extraction wells were shut off such that there was no flow through the treatment zones.

41 SUMMARY OF FIELD OBSERVATIONS

The Find Report for this demongration project provides an in-depth andysis of the technology
performance. In this report we briefly summarize the most important findings.

Figure 6 showsthe BTEX concentration historiesin Zone 2, whichwas augmented with only sulfate during
the firg two augmentations, and augmented with sulfate and nitrate during the third augmentation. The
toluene concentration was very low even at the beginning of the demondtration, indicating thet tolueneis
preferentidly degraded among the BTEX compounds under natura conditions. Benzene, ethylbenzene,
and xylene concentrations in Zone 2 dl decreased over the course of the demongtration. However, only
o-xylene appears to have been degraded as a result of sulfate augmentation: note the rapid decreasein
concentration during firgt augmentation period. Benzene, ethylbenzene, and m+p-xylene were removed
dowly, apparently due moreto flushing than to biodegradation. The ethylbenzene concentration did drop
sharply during the third augmentation, when nitrate was added dong with sulfate, indicating that nitrate
addition can stimulate biodegradation of ethylbenzene.
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BTEX Concentration Histories at Well 2-B1-4
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Figure 6. BTEX Concentration Histories in Zone 2.

Figure 7 shows the BTEX concentration histories in Zone 3, which received no eectron acceptors, and
therefore devel oped fermentative-methanogenic conditions. M ethane concentrations (not shown) reached
concentrations as high as6 mg/L. at monitoring point 3-B1-4. Inthisregion, the concentrations of toluene,
ethylbenzene, and xylenes were dl low even at the beginning of the demondiration, making it difficult to
assess whether or not fermentation-methanogenesis is an effective remova mechanism for these
compounds. The benzene data show that benzene concentrations decreased during flushing periods, but
rebounded during no-flow periods; the rebound could be a result of benzene dissolution from a
non-aqueous phase, benzene desorptionfromaguifer solids, and/or dow encroachment of benzene-laden
ground water from another part of the site. The strong production of methane indicates that a rdaively
large quantity of petroleum hydrocarbons were being degraded via methanogenesis, but it isimpossble to
determine which petroleum compounds in particular were degraded. The data suggest that
fermentation-methanogenesis isnot an effective remova mechaniam for benzene, especidly if acontinuing
source of benzene is present in asorbed or NAPL phase.
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BTEX Concentration Histories at Well 3-B1-4
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Figure 7. BTEX Concentration Histories in Zone 3.

Figure 8 shows the BTEX concentration histories in Zone 4, which was augmented with both sulfate and
nitrate. Asin Zone 3, the benzene concentration in Zone 4 decreased during flushing and augmentation
stages, but rebounded during no-flow stages. However, the toluene, ethylbenzene, and xylene
concentrations did not exhibit the same rebound behavior as benzene. Notably, ethylbenzene and
m+p-xylene were removed much more quickly in Zone 4 than in Zone 2, which recaived sulfate only. It
appears tha nitrate augmentation is capable of stimulating biodegradation of ethylbenzene and of
m+p-xylene. The toluene and o-xylene concentrations were very low even at the beginning of the
demondtration, meking it difficult to assessthe effects of nitrate augmentation on the biodegradationof these
two compounds.
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BTEX Concentration Histories at Well 4-B1-4
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Figure 8. BTEX Concentration Histories in Zone 4.

Because it isimpossible to perform a quantitative mass balance on the BTEX degradation, a secondary
performance meric for this demonstration was the response of the injected sulfate and nitrate electron
acceptors. Figure 9 compares the injected sulfate and nitrate concentrations at injection well 14 to the
measured concentrations at monitoring well 4-B1-4. All three augmentations exhibited Smilar behavior:
the sulfate broke through at nearly 100% of the injected concentration, then disappeared dowly, whereas
the nitrate broke through at less than 100% and disappeared quickly. Thisiswhat was expected. Nitrate
isused preferentialy over sulfate, and is quickly consumed by the microorganisms present during oxidation
of petroleum hydrocarbons. Sulfate is used secondarily when nitrate is present. In Zone 2, where sulfate
was injected without nitrate, sulfate utilization occurred more rgpidly (data not shown). The utilization of
the injected dectronacceptorsis good evidence that petroleum hydrocarbons were being degraded at this
gte however, it isimpossible to determine which hydrocarbons inparticular were degraded most rapidly.
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Nitrate and Sulfate Concentration Histories in Zone 4
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Figure 9. Concentration Histories at Injection Well 14 and Monitoring Well
4-Bl.

42  DATA ASSESSMENT

Ingenerd, we believe the reported datato be of high qudity and to alowassessment of thedemonstration's
objectives. The Automated Sampling and Analyss Plaform (ASAP) enabled usto compile avery large
database of concentration hitories a 105 different sampling point locations throughout the contaminated
dgte. Altogether, the ASAP analyzed over 9000 samplesfor the 15 andytes liged in Table 4, aswdll as
some andytes not liged in Table 4. As aresult, we have a very complete picture of how particular
compounds responded to the trestment in time and in space. Furthermore, the large database adlows us
to compare particular recorded measurements in order to provide aninterna check onthe consstency of
thedata. For instance, the BTEX concentrationswere measured using gas chromatography with detection
viaphoto-ionization (PID) and flaneionization (FI D) detectors. The concentrationsreported in thisreport
are those that were measured viaPID, which is believed to be more reliable for aromatic hydrocarbons,
however, the FID measurements are available as a qualitative cross-check that the PID measurementsare
reasonable.

Also, the availability of seven sampling points spaced verticaly a each monitoring well dlowsfor another
ussful internd check on the data. We would not expect two different sampling points in the same wel
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bunde to record exactly the same concentrations of a particular compound, but because there is not
extreme physicd heterogenaity at this Ste, we would expect the two sampling points to record smilar
trends. For example, a comparison of benzene concentrations measured at sampling points 2-B1-4 and
2-B1-6 showsthat the two monitoring points seldom produced identical concentration measurements, but
that the two monitoring points were quaitetively in agreement with each other (datanot shown). Thisis
precisely what we would expect from different points aong the same vertical sampler.

We observed that different monitoring wells often produced very different measurements. For instance,
wdls 2-B1 and 2-B2 produced very different measurements for sulfate concentration (data not shown).
However, wedo not believe thisto beanindicationof poor dataqudity; rather, we beieve that it indicates
the spatid variability present a modt fidd Stes.

Despite our generd confidence in the quaity of the deta, it is not possible to compute a mass balance on
the BTEX compounds. At the Seal Beach site, non-agueous-phase liquids (NAPLS) were present, and
are believed to have acted as a source of BTEX throughout the duration of the demondtration. Other field
processes d so confound a quantitative andyss of the massof BTEX degraded. Desorption of BTEX from
aquifer solids into the agueous phase, diffuson of BTEX from regions of high concentration into the
trestment zones, and 9 owencroachment of native ground water candl lead to the introductionof additiona
BTEX into the agueous phase of the treatment zones. Quantification of these sourcesisinfeasible.

43 COMPARISON OF ACTUAL PERFORMANCE RESULTS TO EXPECTED
PERFORMANCE

As expected, sulfate and nitrate were utilized for the oxidation of fud hydrocarbons, with nitrate utilized
preferentialy over sulfate. Augmentation of the ground water with nitrate and sulfate was able to reduce
the concentrations of toluene, ethylbenzene, and xylenes to very low leves, far below the maximum
contaminant levels (MCLs). Congstent with previous findings were the observations that toluene was
degraded preferentidly among BTEX compounds, and that ethylbenzene degradation occurs under
nitrate-reducing conditions but not under sulfate-reducing conditions. The behavior of the xylene
compounds was dightly different than anticipated: o-xylene was rapidly removed under sulfate-reducing
conditions, m+p-xylenes were more effectively removed under nitrate-reducing conditions.

Over the time span of this demondtration, benzene concentrations were not reduced to below the benzene
MCL of 5 - g/L. Because the benzene concentration was reduced over timein dl three trestment zones
(Figures 6-8), we suspect that continued operation of this technology would be able to reduce the benzene
concentration in ground water to belowthe MCL. However, it gppearsthat much of the benzeneremovd
is due to flushing by the extraction well, not due to biodegradation.

Operation of the technology proceeded as anticipated. Some routine maintenance was required for the
above-ground water trestment system was required.
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44  PERFORMANCE CONCLUSIONS

We found that this treetment technology was effective a removing al BTEX compounds from the ground
water. Specificaly:

. Toluene appeared to be preferentidly degraded, and was rapidly degraded even without
augmentation of the electron acceptors. A few feet below the water table, toluene concentration
was typicaly below 10 - g/L.

. Biodegradation of ethylbenzene appeared to be stimulated by the introduction of nitrate. In Zone
4, where nitrate was introduced, ethylbenzene concentration wasreduced from 250 - g/L to less
than 10 - g/L.

. Biodegradation of ortho-xylene appeared to be stimulated by the introduction of sulfate. In Zone
2, where only sulfate was introduced, the o-xylene concentration was quickly reduced from over
400 Zg/lL tolessthan 10 Zg/L.

. Biodegradationof meta- and para-xylene appeared to be stimulated by the introductionof nitrate.
In Zone 4, where nitrate was introduced, the combined n+p-xylene concentration was reduced
from 500 - g/L tolessthan 20 Z g/L.

. Benzene was effectively removed from the ground water, but it appears that most of the removal
was due to flushing by the extractionwel, witha smdl contributionfrom biodegradation. In Zone
4, whichwas augmented withnitrate and sulfate, benzene concentration wasreduced from3 mg/L
to about 50 - g/L, but remova was dow. In the zone that received neither nitrate nor sulfate(i.e.,
methanogenic conditions), benzene concentration was reduced from 4 mg/L to about 0.4 mg/L,
and aso wasdow. Benzene concentrations often rebounded when pumps were temporarily shut
off.

23



This page left blank intentionally.

24



50 COST ASSESSMENT

51 SUMMARY OF DEMONSTRATION COSTS

The total cost for this project was approximately $875,000. Table 5, below, provides estimates for the
specific items that contributed to thistotal cost. However, Table 5 does not include some costs incurred

by the Department of Defense (DoD) and the Nava Facilities Engineering Service Center (NFESC),
including some costs for personnd sdaries, project management, site support, and travel.

Table5. Approximate Costsfor Technology Demonstration.

Cost Element Cost Sub-Cost
Fabrication and installation of wells and treatment system: $47,000
Labor: $361,000
Project staff salaries and benefits: $355,000
Other student support: $6,000
Sub-contractor expenses: $24,600
Injection well and extraction well installation: $13,100
Monitoring well installation: $10,100
Asphalt excavation and replacement: $1,400
Expendable materials and services: $92,400
Laboratory supplies and expenses: $73,800
Chemicals and compressed gas: $8,200
Other expendable materials and services: $10,400
Travel: $55,000
Overhead and indirect costs: $295,000
Total Demonstration Cost: $875,000

The $361,000 labor cost includes partia support of two professors, one senior enginesring associate, one
post-doctoral research associate, one staff research assstant, and severa graduate student research
assistants over the course of the three-year project. The $73,800 cost for laboratory supplies and
expenses includes costs for andyss of dl samples collected by the Automated Sampling and Andyss
Patform (ASAP). Over the duration of the demongtration, the ASAP collected and andyzed more than
9000 samples for the 15 different analytes listed in Table 4. The travel cost of $55,000 is rdlaively large
because many of the project personned traveled regularly between Stanford University and the
demondration site at NWS Sed Beach.
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5.2 PROJECTED COST OF FULL-SCALE FIELD APPLICATION

Tables 6, 7a, and 7b provide an assessment of the expected operational costs for the technology when
implemented. The tables do not necessarily represent the actua cost of the particular demonstration
described in this report; rather, they are a prediction of how much it should cost to implement this
technology at atypica ste. Anexampleof typica steconditionsisgiven below. For the cost assessment,
we make the following assumptions, which are dl reasonable for atypica fuel-contaminated ste:

. About 5000 gdlons of fud leaked from an underground storage tank, contaminating the soil and
shdlow ground water. About 95% of the fud (4750 gdlons) was recovered via excavating the
vadose zone down to the water table, or viasome other remova mechanism. The remaining 250
gdlons are present below the water table inthreeforms. as globulesof non-agueous phase liquid,
dissolved in the ground water, and sorbed to aquifer solids.

. Five treatment zones are developed at the contaminated Site, each congsting of an injection well
and an extraction well. Theinjection rate and extraction rate in each zone are 4.6 L/min.

. A treatment cyde conagts of a one-month flushing period, a one-month augmentation period, and
a one-month no-flow period. Four treatment cycles are performed per year. Based on these
parameters, about 200,000 L water areinjected into each of the five treetment zones during the
augmentation stage, for atota of 1,000,000 L injected during each augmentation stage.

. During the augmentation stages, nitrate is injected a 80 mg/L, sulfate at 80 mg/L, and oxygen at
9 mg/L. Stoichiometrically, the injection of 320 kg/year nitrate, 320 kg/year sulfate, and 36
kglyear oxygen degrades 145 kg/year fue hydrocarbons (astoluene). Thisis equivaent to about
44 gdlonglyear.

. The above-ground treatment system for extracted water conssts of granular activated carbonfor
hydrocarbon removad, followed by aeration for the remova of nitrogen gas (via stripping) and
aulfide (viaoxidationto sulfate). Thetreatment system operates eight monthsout of eachyear, i.e,
during the flushing stages and during the augmentation stages, but not during the no-flow stages.
Treated water is augmented with electron acceptors and is re-injected into the aquifer.

. The hydrocarbon concentration in extracted ground water averages 3 mg/L, and is effectively
removed by thegranular activated carbon. Thisis cons stent with observationsfrom the NWS Sedl
Beachdemondtration. Therefore, about 24 kg/year hydrocarbonsareremoved viaadsorption onto
activated carbon, which is equivaent to about 7.2 galonsyear.

. The activated carbon systemhas anempty-bed volume of 230 L and an empty-bed contact time
of 10 minutes. The system is loaded with 92 kg activated carbon (400 kg/m?). During each
trestment cycle, about 6 kg hydrocarbons are removed, such that the loading at the end of the
treatment cycle is 65 g hydrocarbon per kg activated carbon. The activated carbon is replaced
after eech trestment cycle, i.e, four times annualy.
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. The overal hydrocarbon removd rate is 169 kg/year, equivaent to 51 galonsyear. About 85%
of the remova isfrominsitubiodegradation, and about 15% is from activated carbon adsorption.
The projected clean-up timeis 4.9 years.

Under these conditions, Table 6 summarizes the anticipated capita costs, while Tables 7a and 7b
summarize the present vaue of the operating and maintenance (O& M) costs. The estimated capita cost
is$470,000. The estimated present vaue of the O& M costsis $615,000 over 5 years. Thetotal present
vaue of the clean-up costsis $1,085,000, or $4,340 per gallon of fuel hydrocarbon recovered.

For comparison, we estimated the cost of gpplying the conventiond pump-and-treat method to the "typica”
soill described above. Details of this cost estimation are provided in the project Find Report. For the
pump-and-treat remediation, the estimated capital cost is $397,000. The estimated present vaue of the
O&M costsis $1,143,000 over 15 years. Thetota present value of the clean-up costs is $1,540,000,
or $6,160 per gallon of fuel hydrocarbon recovered.

Based on this andyss, the proposed technology, enhanced in Stu bioremediation, is preferable to
conventiona pump-and-treat remediation. Although there are some additiona costs associated with
implementing ardatively new technology, the overal cost is lower, and the associated clean-up time is
much shorter (about 5 yearsingtead of about 15 years). However, it isimportant to note that the extent
of biodegradationfor the conventiona pump-and-treat remediationis extremely uncertain. If theactua rate
is much faster or much dower than the assumed rate, then the cost for the pump-and-treat remediation
could be effected sgnificantly.

Table6. Capital Cost for Enhanced In Situ Bioremediation Technology.

Capital Cost Element Cost Sub-Cost
Site Characterization:
Hydrogeol ogic characterization: $100,000
Wells for estimating hydraulic head and gradient: $60,000
Pump tests to estimate hydraulic conductivity: $20,000
Cores and core analysis to estimate hydraulic conductivity: $20,000
Microcosm studies to test biological activity: $10,000

Technology mobilization, set-up, and demobilization:

Transportation/delivery of equipment, facilities, and personnel: $20,000
Set-up of temporary facilities (e.g., trailer) and utilities: $20,000
Demobilization: $10,000

Planning and preparation:

Engineering design and modding: $50,000

Permits and licenses, including air emission and water discharge: $20,000
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Table 6. Capital Cost for Enhanced In Situ Bioremediation Technology (continued).

Capital Cost Element Cost Sub-Cost
License fees associated with use of a technology: $0
Regulatory interaction: $5,000
Written plans: $35,000
Work plans: $10,000
Sampling and analysis plans: $10,000
Health and safety plans: $5,000
Community relations plans: $5,000
Site management plans: $5,000
Sitework:
Establish physical infrastructure for technology application: $15,000
Activities necessary to restore site to pre-remediation conditions: $15,000
Activities necessary to meet specifications of site restoration plan: $15,000
Preparing specific site of the technology: $15,000
Clearing and grubbing: $5,000
Earthwork: $5,000
Construction of utilities, culverts, treatment pads, foundations, $5,000
etc.:
Installation of treatment system (equipment and appurtenances):
Extraction wells (5 wells, $5,000 each): $25,000
Injection wells for augmentation (5 wells, $5,000 each): $25,000
Monitoring wells (10 multi-level samplers, $5,000 each): $50,000
Above-ground water treatment system: $10,000
Activated Carbon column (1 m length, 0.5 m diameter): $2,000
Trickling Filter for aeration: $6,000
Chemical Injection System: $2,000
Startup and testing:
Establishment of operating conditions: $5,000
Shakedown: $5,000
Training of O& M personnel: $5,000

28




Table 6. Capital Cost for Enhanced In Situ Bioremediation Technology (continued).

Capital Cost Element Cost Sub-Cost
Other capital costs:
Data processing and computer equipment: $5,000
Safety equipment: $5,000
Vehicles: $5,000
Total Capital Cost: $470,000
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Table7a. Annual Operating and Maintenance (O& M) Costsfor Technology.

O&M Cost Element Cost Sub-Cost
Labor:
Maintenance of technology and associated equipment: $25,000
Labor supervision: $5,000
Payroll expenses: $5,000
Materials:
Consumable supplies: $5,000
Activated carbon (replaced quarterly; includes disposal): $5,000
Process materials: $0
Bulk chemicals: $13,000
Nitrate (320 kg/year): $7,000
Sulfate (320 kg/year): $6,000
Raw materials: $0
Utilitiesand fuel:
Fuel: $500
Electricity: (primarily for running pumps) $1,000
Natural gas: $0
Water: $500
Equipment owner ship, rental, or lease: $0
Performancetesting and analysis:
Monitoring, sampling, analysis ($1,000 per well per round): see Table 7b
Other O& M Costs:
Maintenance and repair of office/administrative equipment: $5,000
Health and safety costs: $5,000
Personal protective equipment: $2,000
Monitoring of personnel for health and safety: $3,000
Total Annual O&M Costs (not including monitoring): $65,000
Total Annual O& M Costs (including monitoring): see Table 7b
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Table 7b. Present Value of O& M Costs, Including Monitoring Enhanced In Situ
Anaer obic Bioremediation Method.

Sampling Total O&M
Frequenc Monitoring Cost Cost 0O&M Cost O&M Cost
Y ear y (Unadjusted) (Unadjusted) (with inflation) (present value)
1 Monthly $120,000 $185,000 $185,000 $185,000
2 Bi-Monthly $60,000 $125,000 $131,250 $121,528
3 Bi-Monthly $60,000 $125,000 $137,813 $118,152
4 Quarterly $40,000 $105,000 $121,551 $96,491
5 Quarterly $40,000 $105,000 $127,628 $93,811
Total O& M Cost, Present Value $615,000

Notes:

Sampling frequency is assumed to follow the schedule above.

Costs based on assumption of ten (10) monitoring wells and cost of $1,000 per

sampling/analysis.

Inflation rate assumed 5% annually, discount rate assumed 8%.
Clean-up time for this method estimated to be 5 years.

Other site characteristics described in Section 5.2.
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6.0 IMPLEMENTATION ISSUES
6.1 COST OBSERVATIONS

Oneof the mgjor costsfor this demongtrationwas the cost for monitoring, sampling, and analysis. Thiscost
was approximately $74,000, as shown in Table 5 (Iaboratory supplies and expenses). This cost was
relatively large because the Automated Sampling and Andysis Platform (ASAP) collected and analyzed
more than 9000 samples over the course of the demondtration. Labor costswere also increased asaresult
of the intense sampling and andysis effort, because personnel were required to maintain the equipment and
vaify the andyses. In future gpplications of this technology, where a less rigorous monitoring program
would be sufficient, we would expect both |aboratory costs and labor costs to decrease.

The cost of this project was aso affected by the fact that the demonstration site was far away from
Stanford University, where many of the project personnel were located.

6.2 PERFORMANCE OBSERVATIONS

Ovedl, the performance of the demonstration was similar to what had been expected at the project
inception.  The target contaminants (BTEX) and the injected eectron acceptors (nitrate and sulfate)
behaved in amanner that quditatively agrees with what had been expected from previous studies [e.g.,
Reinhard et d., 1997].

The issue that most affected the demondtration performance was the presence of BTEX compoundsin a
non-agqueous liquid phase. Gasoline is less dense than water, SO most of the non-aqueous-phase liquid
(NAPL) waslocated near the top of the saturated zone (i.e., near the water table), but theremay have been
some resdual NAPL present below the water table as wdl. The presence of BTEX in a non-agueous
phase affected the performance primarily in two ways.

1 Because it wasimpossible to determine the massof BTEX present in the non-aqueous phase, we
were unable to perform a quantitative mass balance or to quantify the amount of BTEX removed
via biodegradation over the course of the demondiration.

2. During no-flow periods of the demondtration, the BTEX concentrations (particularly that of
benzene) in the monitoring wells rebounded to high levels.

Therefore, in moving this technology to a full-scale application, we suggest that the presence of
non-aqueous-phaseliquidsisliable to Sgnificantly extend the required time for clean-up. Nevertheless, this
technology is one that may be rdativey successful at tregting sites where residual NAPL is present,
because the treetment zones are established insituat the same locationwhere the contaminationis present.
Therefore, if aauffident leve of eectron acceptors can be maintained, then asthe NAPL dissolves, it will
be degraded biologicdly.

6.3 REGULATORY ISSUES

There are three main regulatory issueswithregard to the implementation of the technology described inthis
report:
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Nitrate, whichhasadrinking water maximum contaminant level (MCL) of 45 mg/L, isinjected into
the ground water as an electron acceptor. In order for the technology to operate a maximum
efficiency, nitrate should be injected & a concentration higher than its MCL. Although nitrete is
consumed rapidly after itsinjection, and therefore does not represent a sgnificant contamination
risk, regulatory approval isrequired for injection of nitrate at high concentrations.

Contaminated ground water is extracted, treated, augmented with eectron acceptors, and then
re-injected into the aguifer. There-injection of treasted ground water requiresregulatory approval.

It musgt be satisfactorily demonstrated that suffident hydraulic control is established, so that the
plume can be containedif any problem arises during implementation of the remediationtechnol ogy.

For the demonstration at NW'S Seal Beach, we firg injected nitrate at low concentrations and monitored
the subsequent biologicd utilization of nitrate. When we had demonstrated that nitrate was biologicaly
degraded very rapidly, regulators were amenable to the injection of higher concentrations of nitrate.

We found regulators to be concerned with the re-injection of treated ground water into the aquifer.
Demondration of hydraulic control of the Ste and formulation of appropriate contingency plans are hepful
ades in obtaining regulatory approva for re-injection.

6.4

LESSONSLEARNED

Some of the most important findings from this demondiration project are the following.

Ground water contaminated from gasoline contains not only BTEX compounds, but many other
gasoline components aswell. At the Sed Beach site, muchof the injected nitrate and sulfate was
utilized by bacteria to degrade non-BTEX hydrocarbons. This makes it difficult to predict the
amount of eectron acceptor(s) that will be needed for complete BTEX remova.

At the Seal Beach gite, nitrate utilizationwasfast. Most or dl of theinjected nitrate was consumed
within 30 days after injection ceased for the third augmentation, and even faster for the first and
second augmentations.  Sulfate utilization was aso rdlatively fast in the region where sulfate was
the only electronacceptor injected. In the region where both sulfate and nitrate were injected, the
sulfate utilization was much dower.

Injection of nitrateat very high concentrations (greater than 100 mg/L) might lead to the formation
of nitrogen gas bubbles, which dters the hydraulic character of the aquifer.

Methanogenesis was observed indl three trestment zones during the demonstration, but was most
apparent inthe zone where neither nitrate nor sulfatewas added. Intwo of thezones, severd mg/L
methane were generated (5-6 mg/L in Zone 3, and 3-5mg/L inZone 4), whichmight correspond
to the degradation of severa mg/L fuel hydrocarbons. However, it did not appear that benzene
was effectively removed via methanogeness.

The remova rate and the remova sequence for BTEX compounds depends on a number of
factors, induding the terminal €lectron acceptor. Toluene concentrations were very low even at
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the onset of the demondration, condstent with previoudy-observed preferentid toluene
degradationunder sulfate-reducing, denitrifying, and methanogenic conditions. Augmentationwith
nitrate was effective for the remova of al BTEX compoundsexcept benzene. Augmentation with
ulfate accelerated the removd of xylenes, particularly o-xylene, but not the other BTEX
compounds.

Benzene was effectively removed via flushing, inpart because it does not sorb strongly to aguifer
materids. However, benzene biodegradation wasdow if it occurred at dl. Some previousstudies
have shown that benzene biodegradation occurs only when no other BTEX compounds are
present, indicating a preferential remova sequence.

During periodswhenthe injectionand extractionwels were not operated, a rebound inthe BTEX
concentrations was observed, especialy for benzene. This probably indicates the presence of a
resdua non-agqueous liquid (NAPL) phase, but it might also indicate the desorption of BTEX
compoundsfromaquifer solids, the diffuson of BTEX fromhighly contaminated areasthat are not
effectively flushed, and/or dow encroachment of highly contaminated ground weter.

Many of the desgn parameters for this system depend on Ste-specific contamination and
hydrogeologic conditions. Some of these design parametersinclude: the number and location of
extractionand injectionwells, the injection and extraction flow rates; the method of above-ground
trestment for extracted water; the choice of electron acceptors injected; the concentrations of
electron acceptors injected; and the duration of flushing, augmentation, and no-flow periods.
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APPENDIX A

Points of Contact

Ms. Carmen A. LeBron

Project Management

Naval Facilities Engineering Service Center
(NFESC)

Restoration Development Branch

1500 23 Ave., ESC-411

Port Hueneme, CA 93043

Telephone: (805) 982-1616

Fax: (805) 982-4304

E-malil: |ebronca@nfesc.navy.mil

Mr. Martin Reinhard
Principa Investigator
Depatment of Civil
Enginesring

Stanford University
Stanford, CA 94305-4020
Telephone: (650) 723-0308

Fax: (650) 725-3162

E-mail: reinhard@cive.stanford.edu

and Environmental

Mr. Gary Hopkins
Site Management
Depatment of Civil
Engineering

Stanford Universty
Stanford, CA 94305-4020
Telephone: (408) 262-2070
E-mail: hopkins@cive.stanford.edu

and Environmental

A-1

Mr. Paul D. Nguyen

Ste Oversght

Naval Wegpons Station
Code #092 Bldg. 230

Seal Beach, CA 90470-5000
Telephone: (310) 626-7011

Mr. Lawrence Vitde

Regulatory Oversght

Cdifornia Reg. Water Quality Control Board,
Region 8

2010 lowa Ave., Suite 100

Riverside, CA 92507-2409

Telephone: (909) 782-4130



ESTCP Program Office

901 North Stuart Street
Suite 303
Arlington, Virginia 22203

(703) 696-2117 (Phone)
(703) 696-2114 (Fax)
e-mail: estcp@estcp.org
Wwww.estcp.org




